We report the complete 8714-nucleotide sequence of the integrated bovine leukemia virus genome and deduce the following genomic organization: 5' LTR-gag-polenv-pXBL-3' LTR, where LTR represents a long terminal repeat and PXBL represents a region containing unidentified open reading frames. This genomic structure is similar to that of human T-cell leukemia virus. The LTR contains a putative splice donor site in the R region. The gag gene encodes a precursor protein with the form NH2-p15-p24-p12-COOH. The NH2-and COOH-terminal regions of the pol product show stronger homologies with those of avian, rather than murine, type C retrovirus, and its structure is identical to that of avian virus. The env gene encodes a surface glycoprotein (gpSl) and a transmembrane protein (gp3O). In contrast to the pol product, the gp3O shows stronger sequence homology with a murine, rather than avian homologue, indicating the chimeric nature of the bovine leukemia virus genome. Comparisons of the best conserved pol sequences and overall genomic organizations between several major oncoviruses allow us to propose that bovine leukemia and human T-cell leukemia viruses constitute a group, designated as type "E," of Oncovirinae.
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Bovine leukemia virus (BLV) is an exogenous replicationcompetent virus and is classified as a member of type C retrovitus (1) . However, it differs from the major mammalian type C viruses in several aspects (1, 2) . Recent biochemical (3) and molecular biological (4) studies suggest that BLV is most closely related to human T-cell leukemia virus (HTLV), which is also classified as a type C virus (5) . In contrast to HTLV, little is known about the genomic structure of BLV. We report here the complete nucleotide sequence of BLV and propose that BLV and HTLV belong to another group of Oncovirinae, designated here as type "E."
MATERIALS AND METHODS
DNA Sequence Analysis. The restriction map of a BLV clone (XBLV-1) was described (6) . Each restriction site was labeled using [y-32P]ATP (Amersham; 3000 Ci/mmol; 1 Ci = 37 GBq) and polynucleotide kinase (Takara-Shuzo, Kyoto, Japan). According to the Maxam-Gilbert procedures (7) , 82% of the BLV genome was sequenced in both DNA strands. All the restriction sites were read through.
Computer-Assisted Analysis of the Deduced Amino Acid Sequences. Sequence homology was examined by two-dimensional homology matrix (8) . Sequence alignment was according to Needleman and Wunsh (9) .
RESULTS AND DISCUSSION
Complete Nucleotide Sequence and Structure of BLV Genome. Fig. 1 shows the complete 8714-nucleotide sequence of an integrated BLV genome. It can be anatomized in the form of 5' LTR-gag-pol-env-pXBL-3' LTR, where PXBL represents an unidentified region and LTR represents a long terminal repeat.
LTR and 5' Leader Sequence. The nucleotide sequence of the LTR [530 base pairs (bp)] was described (4). The 5' leader sequence following the 5' LTR and preceding the gag gene consists of 97 bp. Moloney murine leukemia virus (MoMuLV) contains a splice donor sequence for env mRNA in this region (10) , while Rous avian sarcoma virus (RSV) contains this at the NH2 terminus of the gag gene (11) .
BLV has no such sequence (consensus sequence, C-A-G-G-T-G-A-G-T; see ref. 12) in these regions. Inspection of the entire BLV sequence, however, reveals that the sequence C-A-G-G-T-A-A-G-G (8/9 match of the consensus) appears just once in only the long R region of the LTR (positions 303-311; Fig. 1 ). Inspection of the LTR sequences of two different HTLVs also reveals almost identical sequences in the R regions [T-A-G-G-T-A-A-G-T (8/9 match of the consensus) for HTLV-I (13) and A-A-G-G-T-A-A-G-T (9/9 match) for HTLV-II (14) ]. The R regions of these retrovirus LTRs are much longer than those of other retroviruses and probably are implicated in transcription termination (4, 13) . We suggest here that they are also involved in the splicing events.
gag Gene. The first open reading frame, the gag gene, spans nucleotides 628-1806, beginning with the first ATG triplet appearing downstream of the 5' LTR (Fig. 1) . Its deduced amino acid sequence contains a reported 50-residue NH2-terminal sequence of the major internal gag protein p24 (15) and a complete 69-residue sequence of the nucleic acidbinding protein p12 (16) at positions 955-1119 and 1597-1803, respectively. p24 presumably ends with the leucine residue (a COOH terminus of p24; see ref. 16 ) that immediately precedes p12, because the estimated molecular size (consisting of 214 residues) approximates 24 kDa. Upstream of the p24, there are 109 amino acid residues. This region probably corresponds to p15, which is a phosphorylated basic gag product (1) . Thus, we propose that the BLV gag precursor protein (Pr45gag; see ref. 1) has the sequence NH2-p15-p24-p12-COOH. The nucleic acid-binding protein p12
Abbreviations: BLV, bovine leukemia virus; bp, base pair(s); HTLV, human T-cell leukemia virus; LTR, long terminal repeat; Mo-MuLV, Moloney murine leukemia virus; RSV, Rous sarcoma virus.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. contains internally duplicated sequences (brackets in Fig. 1 ) that have periodically placed cysteine residues. A similar sequence is also duplicated in the avian (but not murine) retrovirus homologue (16 (10, 11) . Fig. 2 shows two-dimensional homology matrices between the putative BLV pol product and those of Mo-MuLV and RSV, where we find two major homologous regions termed NHR (for the NH2-terminal homologous region) and CHR (for the COOHterminal homologous region). Between BLV and Mo-MuLV ( Fig. 2A) , NHR is shifted upward from the extension of CHR, indicating that Mo-MuLV poi harbors an insertion(s) between NHR and CHR. Furthermore, Mo-MuLV po has an additional 180-residue NH2-terminal sequence that is completely lacking in the BLV po. Between BLV and RSV (Fig. 2B) , on the other hand, NHR and CHR are both on a nearly diagonal line of the square frame. In addition, both NHR and CHR sequence homologies observed between BLV and RSV are significantly higher than those between BLV and Mo-MuLV (see Fig. 4A ). Thus, very interestingly, the BLV po more closely resembles the RSV poi in both sequence organization and homology.
The BLV poi product (-95 kDa) could be somewhat larger than the pol-encoded BLV reverse transcriptase (70 kDa; see ref. 1). The RSV po and presumably the Mo-MuLV po also encode an endonuclease at their COOH termini, with molecular sizes of 32 and 40-45 kDa, respectively (17, 18, 25) . These endonuclease domains closely correspond to CHRs (as shown by broken lines in Fig. 2 ), which in turn indicates that the BLV po also encodes an endonuclease represented by the CHR. This putative BLV endonuclease (-32 kDa; see Fig. 2 ) would explain the discrepancy of the sizes between the po product and the reverse transcriptase described above.
env Gene. BLV env products are gp5l (surface glycoprotein) and gp3O (transmembrane protein) (1) . The third open reading frame spans nucleotides 4821-6368 and encodes 515 amino acid residues with an initiator methionine (Fig. 1) . The 5' end of this open reading frame overlaps the 3' end of the po gene and its predicted amino acid sequence contains 10 N-asparagine-linked glycosylation sites (Fig. 1) , showing features associated with the env gene (10, 11) . During preparation of this paper, we learned of a 12-residue NH2-terminal sequence of gp3O and a 38-residue NH2-terminal sequence and a COOH-terminal residue (arginine) of gpSl (19) , almost all residues of which were found in our deduced sequence (underlining in Fig. 1 ). Thus, gp5l spans positions 4920-5723 and gp3O spans positions (Fig. 1) . gpSl contains 8 potential glycosylation sites, but 3 of these may not be glycosylated because they are either embedded in a long hydrophobic sequence or immediately followed by a proline residue (Fig. 1) ; the hydrophobic sequence may interact with the NH2-terminal hydrophobic sequence of gp3O (20) . gp3O contains two glycosylation sites and has two hydrophobic sequences, the COOH-terminal one of which may anchor the membrane (20) . The NH2-terminal 33-residue sequence preceding gp5l could be a signal sequence for membrane insertion of the primary product because it has hydrophilic NH2-terminal regions followed by a hydrophobic core (Fig. 1 ) (21) . The splice acceptor site for the env mRNA is most likely the sequence C-C-T-T-T-G-T-C-A-G-G (positions 4391-4401), which fits well the consensus sequence (12) .
The sequence of env transmembrane protein is more strongly conserved between related retroviruses than is the sequence of surface glycoprotein, which is a host determinant (22) . Fig. 3 shows the sequence alignment of the first 120 amino acid residues of BLV gp3O, Mo-MuLV piSE (10) , and RSV gp37 (11) . Overall homology between BLV and Mo-MuLV (33%) is significantly higher than that between BLV and RSV (20%). This is of particular interest because the BLV po more closely resembled the RSV pol. We do not know how such a chimeric genome was generated. Howev (23) . Finally, the cysteine residues (positions 94, 101, and 102; Fig. 3 ) well conserved between the three transmembrane proteins probably make S-S bridges between the transmembrane protein and surface glycoprotein (20) . PXBL, Unidentified Open Reading Frames. In addition to the gag, poc, and env genes, the BLV genome harbors a 1800-bp region at its 3' end containing several unidentified open reading frames (Fig. 1) . This region corresponds to a pX region of HTLV (13) and is designated as PXBL for BLV. As with pX (13), the PXBL showed no significant hybridization with the host (bovine) DNA, indicating that it is not a recently acquired cellular gene. The largest open reading frame PXBL-I, opening with a GCA triplet and ending with a terminator TGA at the beginning of the polypurine tract (Fig.  1) , could encode 308 amino acid residues.
Evolutionary Relationship of BLV to Other Retroviruses. The poi gene is the best conserved of the three retroviral genes (8, 23) and sequencing data of its well conserved region (corresponding to the CHR in Fig. 2 ) are available for all, except for type A, of the major oncovirus genera-i.e., types B, D, and mammalian and avian type C viruses (23) . and mammalian and avaian type C viruses, although the homologies were generally 6%-8% higher than those observed for CHRs.) Interestingly, HTLV has generally stronger sequence homology with other viruses than has BLV (Fig. 4A) , implying that HTLV has evolved more slowly than BLV. Fig. 4B shows the evolutionary tree of the oncovirus genera based on the CHR sequence divergences in Fig. 4A Fig. 2 ) of BLV (positions 3979-4530; Fig. 1 ) and its corresponding regions of HTLV (13) (Fig. 4B). ] Fig. 4 (23) .
We have determined the complete nucleotide sequence of the BLV genome, deduced its genomic structure, and proposed another classification of BLV and HTLV in Oncovirinae. A detailed comparison of the respective genes, including the pX sequence, of BLV and HTLV and identification of a potential protease-coding gene between the gag and pol genes of these retroviruses have been described elsewhere (26, 27) . 
